Abstract. Ceramic matrix composites (CMCs) are known to have high hardness, temperature and corrosion resistance, while being comparatively lightweight. One of many external factors that influence the mechanical properties of CMC is the compaction pressure given during fabrication process. Generally, greater amount of applied compaction pressure will result in improved final product density and bending strength. In this research, a type of CMCs was fabricated using Al 2 O 3 , SiC, and ZrO 2 powder mixed with Nb 2 O 5 additive of 81Al 2 O 3 -10SiC-5ZrO 2 -4Nb 2 O 5 wt. % composition. Fabrication was done through mixing, compacting, and sintering process. Compaction was performed at 257, 308, and 359 MPa and finished with sintering process at 1400 o C for 4 h. Final samples were characterized by density measurement, 3-point bending strength testing, XRD for phase investigation, and microstructure observation using SEM-EDS. Results showing that samples with 308 MPa compaction pressure possessed the highest density and bending strength of 3.29 gr/cm 3 and 14.91 MPa, respectively. These numbers however, declined on samples with higher compaction pressure of 359 MPa due to the formation of porosities caused by entrapped gas that failed to exit the sample of which compaction pressure was considered to be overwhelmingly high.
Introduction
Low thermal expansion coefficient and reactivity followed with hard and brittle properties of Al 2 O 3 tend to be considered disadvantageous in its application as structural ceramic materials and armors in the military industry. Therefore, Al 2 O 3 -based ceramic matrix composites (CMCs) with particulates, fibers, or whiskers-shaped ceramic reinforcements [1] have been developed due to its exceptional mechanical properties, including favorable toughness, resistance to high temperature and corrosion, with lower density compared to metals [2] . A research by Niihara et al. [3] showed that the addition of 5-10 vol. % SiC particles of 3 μm size to Al 2 O 3 ceramic matrix increased the hardness, strength, and fracture toughness of the resulted composites. ZrO 2 addition to the corresponding matrix was also found to improve the hardness and fracture toughness of Al 2 O 3 CMCs [4] .
Powder metallurgy method is preferred in manufacturing Al 2 O 3 -based components considering the high melting temperature of the base ceramic that traditional casting method was found to be energy-inefficient [5] . General sequences of the powder metallurgy method include milling, compaction, and sintering process. During compaction particles will undergo plastic deformation and furthermore a work hardening mechanism after the amount of porosities depletes [6] [7] [8] , resulting in densification of the powder particles. It is known that the applied compaction pressure will contribute significantly to the properties of green compact [9] . As-compacted powders (green compacts) possess green strength and density which are very low compared to as-sintered products. Atomic diffusion mechanism that takes place during sintering will then contribute in increasing the strength of green compacts by creating bonds between particles [9] . A study by Hsu [10] furthermore showed that the addition of Nb 2 O 5 aided the densification process of Al 2 O 3 at the sintering temperatures of 100-150 o C lower than those used in common monolithic alumina [10, 11] . This research studied the influence of compaction pressure on the characteristics of CMC with 81Al 2 O 3 -10SiC-5ZrO 2 -4Nb 2 O 5 wt. % composition.
Experimental Method
The composites were prepared using Al 2 O 3 , SiC, ZrO 2 powder, and Nb 2 O 5 additives with a composition of 81Al 2 O 3 -10SiC-5ZrO 2 -4Nb 2 O 5 wt. %. Starting materials were wet milled using NOAH NQM-4 Planetary Ball Mill with 6 mL ethanol for 5 h and 85 rpm rotational speed until all powders were sized to 100 mesh. Powders were characterized by SEM consecutively both before and after milling to compare the characterization of the pre and post-milling powders. Compaction was done in an 8 mm cylindrical mold as shown in Fig. 1 by one direction dry pressing method with pressure varied to 257, 308, and 359 MPa held for 10 minutes and zinc stearate lubricant. Minimum targeted length of the green compacts was 45 mm. As-compacted green products were preheated at 800 o C using muffle furnace before going through sintering process to eliminate residual lubricant and provide preliminary strength to the compact for easier handling purpose. Sintering was done at 1400 o C for 4h using carbolite furnace. Normalizing was gradually done until in-furnace temperature was below 150 o C to avoid thermal shock. Microstructures of as-sintered samples were observed using SEM-EDS with standard metallographic preparation and thermal etching using 85% H 3 PO 4 etchant followed by gold and palladium coating for 15 minutes approx. Present phases were investigated using XRD. Density testing of produced composites was done in accordance to ASTM B 311 standard. The 3-point bending test on samples of 8 mm diameter and 25-50 mm length was done referring to ASTM C 1684 standard. Strain rate of 0.006/minute was applied during testing. 
Results and Discussion
Powder characterization before and after milling. Fig. 2 (a) shows the elongated structure of Al 2 O 3 powders which tends to agglomerate. Due to the agglomeration, it can be observed that the size of the powder varied. Furthermore, the microstructures of SiC powder ( Fig. 2 (b) ) were rounded irregular structure in grey contrast which also contained agglomerates in small amount. Meanwhile, ZrO 2 and Nb 2 O 5 powder microstructures in Fig. 2 (c, d) were found to be sharp and rounded, respectively. Both powders showed agglomeration which caused uneven powder size. After milling process for 4 h, Al 2 O 3 was detected as the matrix due to its dominant amount in the powder mixture. The powder size was observed to be smaller than before milling as shown in Fig. 2 (e) . It implies that milling process is subjected to refine the powder particles. Fig. 4 that the highest density was achieved by sample compacted at 308 MPa with densification of 83.29 % or similar with 16.71 % of porosities. This is in line with the theory stating that higher applied compaction pressure leads to higher density and lower porosity [8] . Due to decreasing porosity, the relation of inter-particles area becomes larger and further increases the density [7] . However, it is observed that further increase of compaction pressure to 359 MPa resulted in the lowest density and highest porosity value. This is due to exorbitant pressure applied that porosities and gasses were trapped in the samples. This is supported by the SEM micrographs in Fig. 5 which show adequately bigger morphology and more porosity in 359 MPa pressurized sample compared with 257 MPa and 308 MPa pressurized samples. In Fig. 5 porous parts of the sample were indicated as black holes (red arrow) while densified parts were shown in dark-flat shapes (yellow arrow).
As known from Fig. 4 , the amount of porosities in sample compacted at 359 MPa was much more (20.76 %) than that of the other samples. Their sizes were also immensely larger as presented in Fig. 5 (c) . Samples with 257 MPa compaction pressure showed less porosity (18.73 %) than that of samples compacted at 359 MPa, while samples compacted at 308 MPa were indicated to have the smallest and least porosities (16.71 %) than those found in 359 and 257 MPa samples. The porosities existence might be attributed to the powder characteristic which tended to agglomerate. As a result, there was plenty of uneven empty space formed during compaction which then caused porosities. Porosity is indicated as stress concentrator and crack initiator [7] which can affect mechanical properties of a material. Furthermore, cracks in as-sintered products also occurred due to the large difference between Al 2 O 3 (8.8 x 10 -6 / °C) and Nb 2 O 5 (1.59 x 10 -6 / °C) thermal expansion coefficient that leads to distortion in the sample during sintering. Fig. 4 also shows the effect of compaction pressure on the three-point bending strength of the sintered samples. It can be clearly seen that trend of bending strength is proportional to that of density. This was due to the higher density implies a slight porosity so that the bending strength required to cause cracks will be enormous. Numerous cracks were found at the surface of the assintered 359 MPa pressurized sample (Fig. 6(a) ). The cracks were thought to occur from porosities in the sample which were indicated as the crack initiators and stress concentrators [7] .
Arrow in Fig. 6 (a) presents the 3-point bending load direction which is parallel with the radial surface crack. SEM micrograph of the fracture surface of 257 MPa pressurized sample is presented in Fig. 6 (b) , in which initial crack on as-sintered product is shown by the red arrow. The 3-point bending test caused radial crack on surfaces that then propagated faster when converged with the initial post-sintering cracks. Thus, it can be inferred that pre-bending test surface crack that existed due to sintering was the main trigger of fracture on the sample during the test. 3. The increase in compaction pressure from 257 to 308 MPa resulted in the increase of densification and bending strength, while further increase of compaction pressure to 359 MPa decreased the densification and bending strength. It is suggested that the excessive compaction pressure caused gases to be entrapped, furthermore unable to exit the composites during sintering and result in porosities after composites were cooled down. These porosities widen the stress concentration area, causing the composites to be more prone to crack propagation.
